The complexation of two flavonoids, morin and morin-5'-sulfonic acid (MSA), with rare earth metals is studied in aqueous solution using absorption spectroscopy. In this research, 50 conditional and 26 "true" equilibrium stability constants of monocomplex species were determined for various values of pH at constant ionic strength I = 1 mol·L −1 (NaClO 4 ). The obtained "true" stability constants (log 10 K) lay within 6.7-7.8 logarithmic units. DFT calculations and three full-electron basis sets functions (Def2-SVP, Def2-TZVP and Def2-TZVPD) were applied for evaluation of theoretical log 10 K calc and comparative analysis of La(III)-flavonoid interactions.
Introduction
Morin, a naturally occurring flavonoid, shows a broad spectrum of biological properties: antioxidant [1, 2] , anticancer [3, 4] , antibacterial [5] , antihypertensive [6] and anti-fibrotic [7] activities. The studied flavonol takes part in plant metabolisms [8] , exhibits inhibitor features toward the α-glucosidase [9] and can be used for the protection of cells from ultraviolet light [10, 11] . In a mixture with other flavonoids, morin can be isolated from fruits, vegetables and as an individual compound from the Moraceae family [12] . Several solid complexes of morin (and its derivatives) with transition, f-electron and noble metals are described in the literature [13] [14] [15] [16] [17] [18] . Some of them, such as complexes with lanthanides [19] , copper [20] and chromium [21] , display biological activities. At the same time, complex formation processes for morin in aqueous media have been reported for a small numbers of metals [22, 23] .
As we can see, a variety of information about solid-state coordination compounds of flavonoids is available but only a few articles highlight the issue of complexation processes in liquid solutions. However, in precisely those conditions, morin and its complexes have biological and medical importance. Therefore, the study of reactions between flavonoids and rare earth elements is the actual problem. Also, this research is a continuation of our previous work [24] . The goal of this research was an investigation of thermodynamic characteristics of morin/MSA-Ln(III) monocomplexes in aqueous solution.
Experimental Section

Apparatus and Procedure
The UV-vis spectra were measured with a Leki SS2109-UV scanning spectrophotometer (Leki Instruments, Finland) using 1 cm quartz cells. Cell thermostating (± 0.1 K) was performed with a Haake K15 thermostat connected to a Haake DC10 controller. The absorbance of solutions was measured over the 220-500 nm wavelength range. All measurements were performed at 298 ± 0.1 K.
Chemicals Used
All chemicals were of analytical grade: morin (Sigma-Aldrich, ≥ 95%), glycine (≥ 99%), HCl (≥ 99%), H 2 SO 4 (≥ 99%), EDTA (≥ 98%), NaOH (≥ 97%), NaCl (≥ 99%), NaClO 4 (≥ 98%, free of chloride), LnCl 3 ·xH 2 O: Ln = La (≥ 99%), Ce (≥ 95%), Pr (≥ 98%), Nd (≥ 95%), Sm (≥ 95%), Eu (≥ 95%), Gd (≥ 95%), Tb (≥ 95%), Dy (≥ 98%), Er (≥ 95%), Tm (≥ 95%), Yb (≥ 95%), and Lu (≥ 95%). The morin was diluted in the selected samples from a water-ethanol solution (1:1 V/V). The concentration of ethanol did not exceed 2% in the final solution. All lanthanide chloride stock solutions were obtained by dissolving them in distilled water. The accurate concentration of the lanthanide stock solutions were determined by complexometric titration with disodium EDTA. Buffer solutions within the pH range from 2.00 to 3.60 were prepared with glycine and HCl. The concentration of glycine was constant in each sample and equal to 0.05 mol·L −1 . The accurate desired pH values were obtained by adjusting the molarities of the buffer components by suitable amounts. The ionic strength (I) was maintained with NaClO 4 . Calculations of C(NaClO 4 ) were performed using Eq. 1:
where C M and C -Cl are the concentrations of lanthanide and chloride ions (from LnCl 3 and HCl of buffer), respectively. Glycine and morin have no influence on the ionic strength since they exists primarily in their neutral forms; H + is present in small concentration. The total value of ionic strength in each sample was 1.00 ± 0.05 mol·L −1 . For the determination
of each constant, 7-12 solutions were prepared. The coefficient of determination (R 2 ) was at least 0.98 for each value.
UV-Vis Measurements
Conditional stability constants (K' by Eq. 2) for the monocomplex species were calculated from Eqs. 2-4 [25] :
where A i calc is the absorbance at a given wavelength and C M and C L are analytical concentrations of Ln(III) and ligand, respectively. The ε λ is the molar extinction coefficient at a single wavelength. The optimal values for K′ and ε λ were found from a least-squares analysis [26] :
Calculations of all equilibrium constants and molar extinction coefficients were performed using the Wolfram Mathematica software package [27] .
The Synthesis of MSA
The sodium salt of morin-5-sulfonic acid was synthesized by a simple method [28] : 2 g of pure morin was heated in concentrated sulfuric acid, after this the pH of the mixture was adjusted to 3-4 with 20% NaOH, and then a saturated aqueous NaCl solution was added (Scheme 1). The obtained crystals were washed with ethanol and tested by paper chromatography. None of the initial morin was found in the final product.
The reaction form of dihydrate sodium morin-5′-sulfonate in solution is the acidic form, morin-5′-sulfonic acid [28] .
Scheme 1 Synthesis of NaMSA 1 3
Ab Initio Study
The quantum-chemical computations were performed using the GAMESS US [29] program package on the cluster MVS-1000M of the Institute of computational modeling SB RAS. Geometry optimization was performed by density functional theory (DFT) with the functional PBE0 [30] under Grimme's empirical correction [31] . The full-electron Def2-SVP, Def2-TZVP and Def2-TZVPD [32] basis set functions were applied for C, O, H, S and La(III) atoms. The solvent effects were evaluated using the SMD solvation model [33] . The optimized geometries were visualized with the ChemCraft software.
Results and Discussion
UV-Vis Study
Significant changes of the electronic absorption spectra of morin and MSA can be observed in the presence of Ln 3+ ions. All measurements were performed in the pH region 2.20-3.00, where the studied ligands exist in their neutral form [28] . The interaction at pH below 2.20 was excessively weak and at pH above 3.00 was too great for spectrophotometrically investigation. All systems were examined with an excess amount of metal ions (C M ≫ C L ) to reduce the possibility of formation of MH m L n species. The concentration of ligands was an invariant for all series. Thus, each of the prepared solutions contained seven species: Ln 3+ (C = 10 ). Only two of these (Ln 3+ and ligand) contribute to the optical density in the studied region of the spectrum. All spectroscopic data, including the concentrations of all reagents and values of the absorption, are included in the supplementary material (Tables S1-S16). All spectra were stable over time.
A typical transformations of the spectra of morin (A); the peak of ∆A max (B) and A exp -A calc for a single wavelength (C) are demonstrated in Fig. 1 . The constant position of the ∆A maximum (408 nm) at various concentration of Gd 3+ ions and an excess concentration of metal indicates the formation only one product (monocomplex species) and the contribution from potential poly-nuclear or poly-ligand components is negligible. The Job method for this system (Fig. S1 ) also confirms the predominance of the ML form. Similar reasoning was applied to each system. All processes occurring in solution can be written as:
where L = morin or MSA, glycine or OH -. The analysis of log 10 K′-pH relationship confirmed the removal of one proton during the complexation process (n = 1 in Eq. 6). For assessing the impact of the side reactions, the following equations [34] : were used for evaluating of "true" (K) equilibrium stability constants. In Eqs. 7-9, K H is 1/K a of the ligands (pK a = 5.09 for morin and 4.39 for MSA [35] ), K′ and β n are the conditional and cumulative stability constants, respectively. The stability constants of glycine-Ln 3+ [36, 37] and hydroxo complexes [38] [39] [40] [41] [42] [43] were used for the computation of the M and L coefficients (Table S17 ). The received data are present in Tables 1 and 2 . Information about the stability constant of the Tm(III)-glycine complex (for calculating "true" stability constant) does not exist in the literature. However, it would be logical to assume that log 10 K for this system is 3.8 because all of the other values for heavy lanthanides lie within 3.7-3.9 (Table S17) .
The obtained logarithmic values of conditional and "true" stability constants lie within 1.8-3.5 and 6.8-7.9, respectively. A typical distribution diagram is illustrated in Fig. S2 for the Gd(III)-morin system. The log 10 K versus Ln(III) curves for morin, MSA, quercetin, and quercetin-5′-sulfonic acid (QSA) [24] can be seen in Fig. 2a . Looking at these curves, one can easily see that morin provides stronger linkages with Ln 3+ than does quercetin. In addition, we can see the differences between log 10 K values of quercetin and its sulfonate derivative are about 1-2 logarithmic units. Quite another picture is present for morin: there is no significant difference between the stabilities of morin and MSA complexes.
The analysis of the relationship between stability constants and ionic potential of Ln 3+ can shed light on the nature of the bonding (Fig. 2b) . If the dependency of Z/R versus log 10 K has a linear correlation then we may conclude there is a "pure" electrostatic character for the interaction [44] . In our case, there is no obvious direct correlation between Z/R and log 10 K. We observe random distribution points on the plot. This case demonstrates the presence of non-covalent interactions and greater localization of electronic density in molecules of Ln(III)-flavonoid. The distribution of points in the Z/R versus log 10 K coordinate plane attests to separation of all metals by two groups: La-Gd and Tb-Lu. This separation can be attributed to the decrease of ionic radius during the transition from "light" (ceriumgroup, Ce-Eu) to "heavy" (yttrium-group, Gd-Lu) groups of lanthanides [45] . For both categories of lanthanides, a clear correlation is not observed. Nevertheless, we may conclude that the electrostatic contribution is more pronounced for Tb-Lu because the points of this group have the trend of increasing log 10 K values with increase of Z/R. 
Quantum-Chemical Calculations
Modern quantum-chemical programs do not allow one to carry out the effective calculations with such complicated compounds such as Ln
3+
-flavonoids. The modern basis set functions do not ensure SCF-convergence for conjugated π-electron systems with heavy f-elements. Therefore, in this work, the predictions structure of complexes and comparisons with other flavonoids have been performed only for La 3+ -complexes. Nevertheless, all results can be extrapolated for all lanthanides due to the isostructural analogy that is present for coordination chemistry f-metals in solution [46, 47] .
The three chelating sites can be produced by interaction of metal ions with flavonoids [22] . Additionally, two non-chelating structures should be taken into account. Absolute and relative energies have been found to estimate the stability of each model. Since the most common coordination number for lanthanides is equal to eight [48] , and morin exhibit Fig. 2 The log 10 K versus Ln(III) curves (a) for: 1, morin; 2, MSA; 3, quercetin; 4, quercetin-5′-sulfonic acid and (b) log 10 K versus Z/R points properties of a bidentate ligand with Ln(III) [49] , for DFT calculation k (from Eq. 4) was equated to 2. The structures of possible isomers are collected in Scheme 2 and calculated energies are given in Table 3 . In the case of MSA, the M2 tautomer has two possible conformations: chelate with the O-atom of the HSO 3 -group and a linear structure.
For both ligands, the minimal energy is observed for the tautomer with 3-hydroxyl and 4-carbonyl (structure M4 tautomer) coordination positions, like as in the case La(III)-quercetin complexes [24] . This model consists of coordination structures proposed for solid morin-lanthanide complexes [14, 49] . The visualized theoretical geometry for the most stable isomers of lanthanum(III) complexes with morin and morin-5′-sulfonic acid is illustrated in Fig. 3 .
The theoretical values of log 10 K calc for La(III)-L (L = morin, quercetin, MSA, QSA) interactions were calculated to assess the impact of different contributions on the complexation process. Three basis sets (Def2-SVP, -TZVP, -TZVPD) were involved in computational procedures using a thermodynamic cycle (Fig. 4) .
The equilibrium constants were calculated using Eqs. 10 and 11 [50] : where ∆G gas/solv. and ∆E zpe are the differences between the sum of energy (and zero point levels) of the initial and final products, including the correction associated with moving a solvent from a standard-state solution phase concentration of 1 mol·L −1 to the standard state of the pure liquid [51] . . The order of stability observed for La(III) (MSA ≈morin > QSA > quercetin) is reproduced by the Def2-TZVPD and Def2-TZVP basis sets. The analysis of ∆G solv. can explain the thermodynamic stability of the studied complexes: all theoretical models give the minimum value of solvation energy for morin-Ln(III) than for the corresponding quercetin complex. Analogical reasoning is applied for the La(III)-MSA/QSA systems. However, the general order of log 10 K exp is inconsistent with the order of ∆G solv. . The presented results of calculations demonstrate that the studied systems cannot be described based only on electrostatic models. Also, the covalent interaction, specific and non-specific solvation all make a significant contribution to the flavonoid-Ln 3+ complexation processes.
Conclusion
The complexing abilities of morin and MSA with lanthanides(III) have been studied in aqueous solution. The formation and domination of 1:1 complexes was shown. Stability constants lay in the range between 6.7 and 7.9 logarithmic units. The obtained values characterized morin and MSA as more effective complexation agents for Ln 3+ than quercetin. Using quantum-chemical calculations (level Def2-SVP/DFT/PBE0/SMD), the similarity of structures for morin-Ln(III) and quercetin-Ln(III) complexes has been proposed. The La(III) atom coordinates to both ligands via 3-hydroxyl and 4-carbonyl groups. It was found that solvation energy (-∆G solv. ) is the main factor influencing the stability of these complexes. The theoretical values of log 10 K were computed with use of functions from the Def2 basis set family. The best approach was reached for Def2-TZVP: the discrepancy with log 10 K exp is 1.5-3.5 logarithm units and correct prediction of the experimental series of ligands-La(III) complex stability take places. The presented computational protocols could be employed to estimate of order the stability constant of other flavonoid-Ln(III) complexes.
